Abstract A model (MEPhos) for the calculation of the total phosphorus output from diffuse sources by drainage, wash-off, groundwater outflow, soil erosion and rainwater sewers as well as from point sources is presented. The model is based on a pathway-and area-differentiated emissions approach and calculates mean long-term P-inputs to surface waters. Phosphotopes are used for spatial discretization and modelling of diffuse P-inputs. Based on the modelling results "hot spots" for high P-loads can be localized and a management option for the input reduction to surface waters can be proposed which are adapted to site properties. The applicability of the model is demonstrated for two macroscale river basins in Germany (, 13,000 km 2 each) with contrasting natural conditions and land use patterns.
Introduction
The authors of this paper are involved in the interdisciplinary research project "REGFLUD", which is part of the research programme "River Basin Management" funded by the German Federal Ministry for Education and Research (BMBF). One aim of REGFLUD is the development of policy options leading to a reduction of phosphate inputs from diffuse sources into surface waters. The options should be adapted to site and sub-regional conditions. Study areas were the catchments of the River Ems (12,900 km 2 ) and parts of the River Rhine (12,160 km 2 ), located in the north western part of the Federal Republic of Germany. Both study areas are of similar size but show contrasting natural conditions. The Ems catchment is mainly characterized by its lowland situation with sandy and boggy soils under intensive agricultural use. In accordance with the relatively low soil fertility intensive animal husbandry is conducted with slightly more than three livestock units per hectare. The Rhine investigation area is dominated by upland conditions with forest and grassland use. Arable land use is restricted to the flat Rhenish bight with fertile loess soils. Furthermore the area comprises sub-regions with high population and industrial densities.
The project aim requires the area-differentiated quantification of the mean long-term P-entries for the current state as a basis for future scenarios aiming at a reduction of diffuse P-inputs. The heterogeneity of both investigation areas leads to the consideration of eight different pathways to fully describe the P-entry into surface waters. These pathways are drainage, groundwater outflow, wash-off, erosion, rainwater sewers, municipal sewage treatment plants, industrial effluents and combined sewer overflows. Also, depicting the entire P-input for the sub-catchments enables the validation of the modelling results. To fulfil these requirements the new GIS-based model MEPhos for the analysis of diffuse P-inputs in macroscale river basins has been developed (Tetzlaff, 2005) .
MEPhos modelling concept
The MEPhos model is based on an area-and pathway-differentiated emissions approach. A modular structure allows the quantification of the mean long-term P-entries separately for every pathway (Figure 1 ). Entries from municipal sewage treatment plants and industrial effluents are considered as site-specific using point data. Entries by rainwater sewers and combined sewer overflows are calculated integratively for river sub-catchments of 10 -520 km 2 in size. In contrast, modelling of diffuse P-entries via drainage, groundwater outflow, wash-off and erosion is based on phosphotopes. Phosphotopes term types of critical source areas which are defined as pathway-specific and derived by clipping data sets in GIS. Analogous to hydrotopes, phosphotopes show structural similarity and are considered to be homogeneous with respect to phosphates transport. They combine site properties concerning † soil P-content † P-release from soil, e.g. due to low sorption capacity of the upper soil † strength of a transport medium † hydraulic connectivity of sub-areas under agricultural use to surface waters The coincidence of these properties leads to diffuse P-entries into surface waters (Pionke et al., 1996; Gburek and Sharpley, 1998) . If any of the requirements is not fulfilled, output from agricultural land but no input into surface waters can occur. This means that P is retained in the soil or during the terrestrial transport process. For each pathway, a multitude of phosphotopes can be determined (Figure 1 ), differing in their combination of properties and, as a result, in their contribution to the P-load. One phosphotope emits P only via one specific pathway. The phosphotopes of different pathways, however, can be superimposed because P-output from agricultural land may take place via several pathways, e.g. erosion and wash-off. In total, 25 different phosphotopes for modelling diffuse P-entries have been defined and derived (Figure 1) . From an extensive literature survey the main parameters controlling diffuse P-entries in macroscale river catchments have been identified (Table 1) . These parameters can be quantified and referenced area-wide for both catchments using either appropriate data sets evolved by federal and regional state authorities, e.g. soil map 1:50,000, river networks, or the data sets were calculated in-house, e.g. runoff components, soil erosion risk, risk for soil incrustration, map of artificially drained land. The calculation of the runoff and its components, i.e. total runoff, drainage runoff and groundwater recharge, was performed using the GROWA water balance model (Kunkel and Wendland, 2002) which is coupled to the MEPhos model. For the area-wide calculation of soil loss potential, the universal soil loss equation (USLE) was used. The Federal Agricultural Research Centre as one of the REGFLUD project partners provided results on the P fertilizer balance for the period 1979-1999 calculated by the agro-economic sector-model RAUMIS.
The output of P via a specific pathway is influenced not by single parameters but by their coincidence. Therefore the data sets are classified and clipped in the GIS according to the literature to derive the various phosphotopes for every pathway (Table 1) . Due to the assumption of homogeneity mean concentrations of total-P as export coefficients are assigned to the phosphotopes. These export coefficients are derived by calibration (Figure 1 ). Published reference values for comparable sub-area types form the range for the derived export coefficient. Mean annual P-entries in kg/(ha·a) are then calculated for raster cells by multiplication of export coefficients with runoff levels given by the GROWA model (Figure 1 ). This procedure is performed separately for the pathway drainage, groundwater outflow and wash-off.
Diffuse P-loads originating from erosion are calculated by the erosion potential after USLE, the sediment delivery ratio determined on the basis of buffered flow paths, content of total-P in the upper soil and enrichment ratio (Figure 1 ). The modelling of P-entries via all 8 diffuse and point pathways is followed by summing up the results for sub-catchments related to water quality gauges. To check the validity of the modelling results the P-load of an upstream subcatchment is added to the sum and then retention during transport in running waters and reservoirs is modelled (Equation 1). The simulation of retention losses on flowing waters follows a method developed by Behrendt and Opitz (2000) , calculation of reservoir impacts on transported P-load follows a method described by Alexander et al. (1998) :
with L sb ¼ modelled annual total load for river sub-basin, L PHOi,j ¼ P-input via drainage, groundwater, wash-off and erosion phosphotopes, L RWS ¼ P-input via rainwater sewers, L STP ¼ P-inputs via municipal sewage treatment plants, L IE ¼ P-inputs via industrial effluents, L CSO ¼ P-inputs via combined sewers overflows and R ¼ P-retention in surface waters. Table 1 Controlling parameters for pathway-differentiated P-modelling in macroscale river catchments (Munk, 1972; Foerster, 1982 Foerster, , 1988 Blankenburg, 1983; Kuntze, 1983 Kuntze, , 1988 Foerster et al., 1985; Lammel, 1990; Neuhaus, 1991; Scheffer and Foerster, 1991; Hasenpusch, 1995; Heathwaite, 1997; Lennartz and Hartwigsen, 2001) The procedures for phosphotope derivation and for modelling diffuse entries are explained for the drainage pathway. As mentioned in Table 1 , diffuse drainage inputs of total-P in macroscale river catchments are mainly controlled by the relatively static parameters soil sorption capacity, land use and soil P-content apart from the drain flow level, which is modelled with the water balance model GROWA (Kunkel and Wendland, 2002) as artificial interflow. The pedogene soil sorption capacity has to be estimated on the basis of soil type and texture. The following categories with significant differences in sorption capacity are considered: raised bog soils, fen soils, deep-ploughed raised bogs (sand-peat-mixcultures), marshy soils, sandy soils and other terrestrial mineral soils. These classes are used for the disaggregation of the artificially drained land under agricultural use and form the basis for the derivation of phosphotopes. According to the literature about results from long-term field studies these classes are combined with other controlling factors (Tables 1 and 2 ). Eleven different phosphotopes to depict the diffuse P-entry via drainage are differentiated (Table 2 ). In the table the calibrated export coefficients required for P-modelling are also mentioned. The location of phosphotopes for the modelling of diffuse P-entries via drainage in the investigation areas Ems and Rhine can be taken from Figure 2 . Figure 2 shows that the artificially drained area under agricultural use is much larger in the River Ems basin than in the River Rhine sub-basin. In the southern and central parts of the Ems basin sandy soils under agricultural use dominate, while in the northern part raised bogs, fens and marshy soils are to be found. Phosphotope-specific concentrations of total-P are assigned as export coefficients (Table 2) . By multiplying them with drain flow values (artificial interflow) P-inputs via drainage are modelled in kg/(ha·a). The modelled P-inputs into the rivers for the time period 1995 -1999 are shown in Table 2 Phosphotopes for modelling diffuse P-entries via drainage, ranges of total-P reference values from literature (references from Table 1, Scheffer and Bartels, 1980; Richardson and Marshall, 1986; Wichtmann, 1994; Schubert, 1997) Figure 3. The map shows P-inputs between , 0.3 kg/(ha·a) and . 15 kg/(ha·a). Low inputs up to 0.6 kg/(ha·a) dominate in the lowland areas with sandy soils. Higher inputs occur under raised bogs with peat cutting and deep-ploughed bogs resp. (1 -3 kg/(ha·a)). As a result of their intensive agricultural use and their low sorption capacity raised bogs under grassland appear as "hot spots" of diffuse P-entries via drainage in the Ems river catchment. They contribute with 3-10 kg/(ha·a) total-P, but reach also more than 10 kg/(ha·a) on small sub-areas in the northern catchment. Corresponding with a small area share of agricultural land, deep groundwater tables and high sorption capacity of mineral soils, drainage losses in the Rhine sub-basin are comparably low (Figure 3) . In analogy to the described modelling procedure for drainage inputs, mean long-term P-entries via groundwater outflow and wash-off are modelled with MEPhos in a similar way. The required runoff components groundwater recharge and surface runoff are also modelled with GROWA. Diffuse entries via erosion are modelled in a different way as described above (Figure 1 ).
Results and discussion
The modelling results of the mean P-input (1995) (1996) (1997) (1998) (1999) via drainage, groundwater outflow, wash-off and erosion are displayed in Figure 4 . In total the diffuse entries sum up to 1323 t/a total-P for the River Ems basin and to 336 t/a for the River Rhine sub-basin. The spatial distribution varies between the two investigation areas. In the Ems basin most of the diffuse load originates from inputs via drainage (64%). Erosion inputs play a minor role in this lowland basin (3%). In the Rhine sub-basin the situation is completely different. 39% of the entire P-load from diffuse sources result from erosion inputs, but the "hot spots" have a small spatial extent, because of the small area share of arable land in upland areas and the modelling approach using buffered flow paths to localize contributing source areas. In ca. 85% of the River Rhine sub-basin area P-inputs are quite low (, 0.1 kg/(ha·a)) and originate from the geogenic background load, entering surface waters via groundwater outflow (Figure 4) .
After modelling the entire input of total-P from eight different diffuse and point sources the results show that the sum is nearly equal in both investigation areas (1675 t/a for Ems and 1529 t/a for Rhine). Figure 5 displays the modelling results as sums for river basin units according to the European Water Framework Directive. The map also shows the relevance of pathways for the total input. In accordance with the above mentioned heterogeneity in terms of natural, land use, and settlement conditions Figure 4 P-inputs from diffuse sources (1995 -1999) the entire P-input in the lowland Ems basin is dominated by diffuse entries and especially drainage inputs. Point sources are of concern only for the southern part of the River Ems basin, related to the higher population density there. In the River Rhine sub-basin point sources are a major concern. This can be stated as a general rule for the whole investigation area. Erosion inputs are restricted mostly to the eastern parts of the basin (River Ruhr sub-basin).
The validity of the modelling results is checked with mean annual P-loads, estimated from measured water quality data. Sufficient data were available for 58 sub-catchments related to gauging stations. The comparison between estimated and modelled P-loads is shown in Figure 6 . 30 of 58 gauges show deviation of less than 20%. Deviations of more than 30% occur for only 10 stations. R 2 amounts to 94%. Systematic errors, which might be the reasons for deviations between estimated and modelled loads have not been detected.
Conclusions
In order to improve water quality in the Ems and Rhine investigation areas and to tackle eutrophication problems due to high P concentrations a range of management options arises. When aiming at reasonable cost -effect relations the focus of reduction measures has to be on "hot spots", i.e. critical source areas with small spatial extent and high emission. In the River Ems basin the phosphotope drained raised bog soils under grassland use take up less than 4% of the basin area and emit 32% of all diffuse P-inputs. Land use changes and rewetting measures could be one possibility to decrease P-emissions. In the River Rhine sub-basin P-inputs via erosion make up 39% of all diffuse entries, originating from about 8% of the basin area. On-site and off-site erosion protection measures are regarded as suitable management options. But due to the dominance of point sources, mainly municipal sewage treatment plants, tackling diffuse sources in the Rhine sub-basin has only a small effect on the water quality situation. A far larger improvement would be achieved by taking technical measures for small and medium sewage treatment plants, e.g. P-elimination techniques.
